Pezzini et al. reported an unconventional mass enhancement in topological nodal line semimetal ZrSiS (Nat. Phys. 14, 178 (2018), whose origin remains puzzling. In this material, strong shortrange interactions might induce excitonic particle-hole pairs. Here we study the renormalization of fermion velocities and find that the mass enhancement in ZrSiS can be well understood if we suppose that ZrSiS is close to the quantum critical point between semimetal and excitonic insulator. Near this quantum critical point, the fermion velocities are considerably reduced by excitonic quantum fluctuation, leading to fermion mass enhancement. The quasiparticle residue is suppressed as the energy decreases but is finite at zero energy. This indicates that ZrSiS is a strongly correlated Fermi liquid, and explains why the mass enhancement is weaker than non-Fermi liquids. Our results suggest that ZrSiS is a rare example of 3D topological semimetal exhibiting unusual quantum criticality.
Pezzini et al. reported an unconventional mass enhancement in topological nodal line semimetal ZrSiS (Nat. Phys. 14, 178 (2018) , whose origin remains puzzling. In this material, strong shortrange interactions might induce excitonic particle-hole pairs. Here we study the renormalization of fermion velocities and find that the mass enhancement in ZrSiS can be well understood if we suppose that ZrSiS is close to the quantum critical point between semimetal and excitonic insulator. Near this quantum critical point, the fermion velocities are considerably reduced by excitonic quantum fluctuation, leading to fermion mass enhancement. The quasiparticle residue is suppressed as the energy decreases but is finite at zero energy. This indicates that ZrSiS is a strongly correlated Fermi liquid, and explains why the mass enhancement is weaker than non-Fermi liquids. Our results suggest that ZrSiS is a rare example of 3D topological semimetal exhibiting unusual quantum criticality.
Quantum phase transition has emerged as one of the most important subjects in modern condensed matter physics. For a second-order transition, thermodynamic phases with distinct symmetries are separated by a quantum critical point (QCP). In the vicinity of the QCP, the low-energy quasiparticle properties are governed by the quantum fluctuation of order parameter such that some interesting unconventional phenomena could arise, e.g., a significant enhancement or divergence of quasiparticle mass [1] . In real systems, quantum criticality exhibiting greatly enhanced mass has been observed in a variety of materials, including cuprates YBa 2 Cu 3 O 6+δ [2] and Eu(Nd)-LSCO [3] , heavy fermion compounds YbRh 2 Si 2 , CeCoIn 5 , and CeRhIn 5 [4] [5] [6] , iron pnictide BaFe(As x P 1−x ) 2 [7] , and spinel magnet ZnCr 2 Se 4 [8] .
In the past decade, much efforts have been put into the topological semimetal (SM) materials [9] [10] [11] [12] [13] [14] [15] [16] [17] . In these SMs, most behaviors are manifested by their singleparticle characters. However, under certain conditions, inter-particle interactions can markedly renormalize the energy dispersion of free fermions, and even cause quantum phase transitions [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . For SMs tuned close to band-touching point, there is perfect particle-hole symmetry and the semimetallic ground state may become instable due to particle-hole pairing [30] , leading to an excitonic insulating transition. This would be a nice platform to study quantum critical phenomena in SMs, such as unusual mass enhancement. Nevertheless, excitonic instability requires a sufficiently strong long-range Coulomb interaction (LRCI) or short-range four-fermion interaction [31] [32] [33] [34] [35] , which is not easy to realize in actual systems. Although there are many proposals for excitonic transition in various SMs [31] [32] [33] [34] [35] [36] , so far experimental evidences of excitonic QCP and the associated quantum critical phenomena are still limited.
Recently, Pezzini et al. [37] have measured the quantum oscillations of ZrSiS, a topological nodal line SM (NLSM), and revealed an unconventional enhancement of quasiparticle mass. Similar to what happens in cuprate YBa 2 Cu 3 O 6+δ and other materials, the observed mass enhancement is conjectured [37] to be induced by electronic correlations. The physical mechanism underlying this observation is still undetermined. Numerical calculations based on a simplified two-dimensional model [34] suggested that ZrSiS may become an excitonic insulator at low temperatures due to strong short-range interaction, which opens a finite pseudogap in the electronic spectrum. However, the opening of a finite excitonic gap is in contradiction to angle-resolved photoemission spectroscopy (ARPES) [38] [39] [40] and transport [41, 42] experiments on ZrSiS. In order to resolve this puzzle, one should search for a physical mechanism that enhances the quasiparticle mass and meanwhile is not at odds with the existing ARPES and transport experiments. It is also interesting to understand why the mass enhancement of ZrSiS is not as significant as the previously mentioned unconventional superconductors [2] [3] [4] [5] [6] [7] .
In this Letter, we analyze the dynamics of nodal line fermions near an excitonic instability of NLSM and demonstrate that the excitonic quantum fluctuation can considerably increase the fermion mass without gapping the system. This provides a promising explanation of the unconventional mass enhancement of ZrSiS [37] . To illustrate our proposal, we plot a schematic phase diagram in Fig. 1 . Tuning the parameter x drives a quantum phase transition between NLSM and excitonic insulator (EI), with x c being the QCP. The system is gapless in SM phase (x < x c ), and acquires a gap in EI phase due to excitonic pairing (x > x c ). For ZrSiS, x can be identi- Here, SM stands for semimetal, EI for excitonic insulator, and QCR for quantum critical region. SM-EI transition occurs by tuning a non-thermal parameter x, and xc is the QCP. In QCR, the excitonic quantum fluctuation leads to considerable fermion mass enhancement.
fied as the strength parameter of short-range interaction. First of all, we infer that ZrSiS cannot be deep in the EI phase, since experiments [38] [39] [40] [41] [42] did not observe a finite gap. Deep in the SM phase, there are no excitonic pairs, and nodal line fermions are subjected to LRCI and weak short-range interaction. RG analysis show that, LRCI tends to reduce the mass, whereas the weak short-range interaction does not renormalize the mass. Thus, ZrSiS should not be deep in the SM phase. Our proposal is that, the short-range interaction in ZrSiS is not strong enough to turn it into the EI phase, but suffices to drive this material to fall into the intermediate quantum critical region (QCR). In this QCR, the excitonic order parameter has a vanishing mean value and the nodal line fermions remain gapless, in accordance with experiments [38] [39] [40] . However, different from SM phase, the quantum fluctuations of excitonic pairs are important in QCR and can substantially renormalize the quasiparticle mass.
To study what could happen if ZrSiS is in the QCR, we carefully treat the interaction between nodal line fermions and excitonic fluctuation by using the renormalization group (RG) approach, and find that the fermion velocities are suppressed, which enhances the effective fermion mass. The quasiparticle residue Z f decreases rapidly as the energy is lowered, but flows to a small finite value in the zero-energy limit. Thus, ZrSiS is a strongly interacting Fermi liquid near the SM-EI QCP. This explains why the effective mass in ZrSiS is considerably enhanced but does not take a large value.
Model. The action of the free nodal line fermions is
where Hamiltonian H 0 (k) = (k 2 [29, 43] . Here, k 2 ⊥ = k 2 x +k 2 y . Near the nodal lines, one can approx-
m is the fermion velocity within the x-y plane and v z is fermion velocity along z-axis. The interactioninduced renormalization of fermion mass can be easily obtained from the renormalization of velocities v F and v z . ψ a is a two component spinor field, and σ 1,2,3 are Pauli matrices. The index a = 1, 2, ..., N where N is the fermion flavor. In NLSM, the density of states (DOS) behaves as ρ(ω) ∝ ω, which vanishes at the Fermi level , i.e. ρ(0) = 0. Notice that, in the simplified two-dimensional model studied in Ref. [34] , ρ(0) takes a large finite value. This is because the dispersion of nodal line fermions along z-axis is completely neglected in that model.
H 0 respects the chiral symmetry: {H 0 , σ 3 } = 0. If the fermion acquires a mass term H ∆ = ∆σ 3 due to excitonic pairing, a finite gap is opened, breaking the chiral symmetry, and the system becomes an EI (amounting to a charge density wave).
The action of excitonic quantum fluctuation, represented by scalar field φ, takes the form
Here, v b⊥ and v bz are boson velocities within x-y plane and along z-axis. Boson mass r ∝ (x−x c ) measures the distance of the system to SM-EI QCP, and r = 0 at QCP. The Yukawa coupling between fermion and boson is described by
There is also a φ 4 interaction: S φ 4 = u 24 dτ d 3 xφ 4 (τ, x). Here, g and u are coupling coefficients.
Renormalization group results. The model parameters appearing in the total action S ψ + S φ + S ψφ + S φ 4 are renormalized by interactions. Their RG equations, derived in the Supplementary Materials, are given by
where ℓ is a running parameter. α g = g 2 /v 3 F is a dimensionless coupling parameter for the Yukawa coupling, and β g = N g 2 kF 8πv 2 F Λ . We defined three parameters:
, where i = 0, 1, 2, 3, are given in Supplementary Materials. We also define
. Z f is the quasiparticle residue: Z f = 0 for Fermi liquids and Z f = 0 for non-Fermi liquids. The energy dependence of model parameters can be obtained by numerically solving the above RG equations. Results are presented in Figs. 2 and 3. For small initial values δ 10 and δ 20 , meaning that the motion of boson (excitonic fluctuation) is slower than fermions, we see from Fig. 2 (a) that the fermion velocity v F decreases with lowering energy (growing ℓ), and is saturated to certain finite value v * F eventually. According to Fig. 2(a) , the ratio v * F /v F 0 can be as small as 0.4 under certain circumstances. Since v F = k F /m, the ratio between renormalized mass m * and bare mass m is inversely proportional
As a comparison, the quantum oscillation measurements of Pezzini et al. [37] revealed that m * /m is about 2 in the limit of zero magnetic field. From Fig. 2 (b), we observe that v z is also decreased by excitonic fluctuation. Therefore, our RG results clearly show that slow excitonic quantum critical fluctuation could lead to the unconventional fermion mass enhancement observed in ZrSiS [37] .
As a system is approaching to a QCP, the renormalized quasiparticle mass m * may be dramatically enhanced or even diverge [1] [2] [3] [4] [5] [6] [7] . In ZrSiS, the ratio m * /m ≈ 2. While this turns out be the largest value ever observed in SM materials [37] , it is much smaller than that observed in the aforementioned unconventional superconductors [2] [3] [4] [5] [6] [7] . We now explain why m * /m only takes a moderately large value. From quantum many-body theory, we know that the ratio m * /m embodies the importance of interparticle interactions. In particular, it is linked to the quasiparticle residue Z f : Z f ∼ m/m * . For a system tuned to a QCP that exhibits non-Fermi liquid behavior, Z f → 0 and m * diverges. For ZrSiS, we see from that the ℓ-dependence of Z f is strongly reduced, implying the importance of excitonic fluctuation. However, as ℓ goes to infinity, Z f does not vanish but flows to a small finite value. On one hand, this result indicates that ZrSiS is still a Fermi liquid, albeit a strongly interacting one.
On the other hand, it guarantees that the ratio m * /m does not take a very large value in ZrSiS. In contrast, the normal states of cuprate, heavy fermion, and iron-based superconductors [1] [2] [3] [4] [5] [6] [7] are known to be non-Fermi liquids, thus it is not surprising that their mass enhancement is apparently more significant than ZrSiS.
In the lowest energy limit, the anomalous dimension of fermion field η ψ = C 0 vanishes, and the effective strength of Yukawa coupling α g also flows to zero. Therefore, the excitonic quantum fluctuation is an irrelevant perturbation at low energies. However, before α g goes to zero, the excitonic fluctuation renormalizes the quasiparticle mass, leading to considerable mass enhancement [37] .
The low-energy dynamics of the boson is also affected by the Yukawa coupling. According to Figs. 3(a) and 3(b), v b⊥ flows from initial value v b⊥0 to a larger constant value v * b⊥ , and v bz flows from v bz0 to a larger constant v * bz . Fig. 3 (c) shows that β g approaches to a finite value in the lowest energy limit. Accordingly, C φ , C ⊥ , and C z all flow to finite values. As shown in Fig. 3(d) , C φ → 1 in the limit ℓ → ∞. Both C ⊥ and C z flow to unity in the lowest energy limit. The bosonic anomalous dimension η φ is determined by η φ = C * φ = 1. Roles of LRCI and short-range interactions. There are two types of interactions in NLSMs: LRCI and shortrange four-fermion interaction. It is well established that the fermion velocity renormalization unveiled in graphene is produced by the LRCI [21] . This might motivate one to speculate that the mass enhancement of ZrSiS is also due to LRCI [37] . The influence of LRCI on NLSM was studied by Huh et al. [43] and Wang and Nandkishore [44] , who found that LRCI is irrelevant at low energies. However, whether LRCI increases or reduces velocities We choose βe0 = 0.1, a0=1, and δ10 = 0.2. Apparently, Coulomb interaction increases velocity vF and decreases mass.
was not explicitly answered in [43] and [44] .
To determine the role played by LRCI, we performed RG analysis of the dynamics of nodal line fermions subjected only to LRCI, with details given in Supplementary Materials. The low-energy behaviors of v F , v z , α e , and β e are presented in Fig. 4 , where α e = e 2 /v F is the effective strength of LRCI and β e = √ 2e 2 kF 32πΛ embodies the dynamical screening. The fermion velocities are always increased by the LRCI. Thus LRCI tends to reduce, rather than enhance, the quasiparticle mass of NLSMs. As shown in Fig. 4(c) , the strength parameter α e flows to zero quickly with growing ℓ, which is consistent with previous work [43, 44] . Since the quasiparticle mass is observed to be clearly enhanced in ZrSiS, we conclude that LRCI plays little role and can be well ignored.
The short-range interactions are important and should be seriously considered [29, 34] . We first emphasize that short-range interaction cannot directly enhance fermion mass as they do not renormalize fermion velocities [29] . However, it can affect fermion mass in an indirect way: strong short-range interaction leads to excitonic pairs of nodal line fermions; this then drives the system to get sufficiently close to SM-EI QCP. Near this QCP, slow exitonic quantum fluctuation enhances the fermion mass.
Observable Quantities. In order to distinguish the QCR from the SM and EI phases, we now calculate a number of observable quantities, including DOS, specific heat, compressibility, and optical conductivities.
Deep in the NLSM phase, the fermion DOS is
and the specific heat depends on temperature as
The compressibility exhibits linear-in-T behavior:
The optical conductivities within the x-y plane and along the z axis are constants at low energies, namely
At the SM-EI QCP, the velocities v F and v z are renormalized to smaller values v * F and v * z by the excitonic fluctuation, which then enhances DOS, specific heat, and compressibility. Our RG results indicate that the ratio v * F /v * z is smaller than its bare value. Therefore, the optical conductivity is suppressed within x-y plane and is enhanced along z axis near the QCP.
If a finite excitonic gap ∆ was generated on the Fermi surface, all the above quantities would be significantly suppressed at low energies. Actually, the DOS becomes
which is nonzero only above the energy scale set by ∆.
The specific heat and compressibility are exponentially reduced by ∆ as follows
A discrete chiral symmetry is broken in EI phase, thus there is no Goldstone boson. The specific heat is purely contributed by the fermionic quasiparticles. The optical conductivities vanish at energies below 2∆:
In Table I , we list the ω-and T -dependence of observable quantities obtained in the three different regions of phase diagram Fig. 1 . By measuring these quantities, one could further verify whether ZrSiS is near or far from the SM-EI QCP.
Summary and Discussion. To summarize, we have studied the behavior of gapless nodal line fermions near the QCP to an EI, and found that the effective fermion mass is considerably enhanced by the excitonic fluctuation. The quasiparticle residue Z f is substantially suppressed, but flows to a finite value in the lowest energy limit. Thus system should be identified as a strongly correlated Fermi liquid. These results provide a clear explanation of the unconventional mass enhancement in NLSM ZrSiS [37] , and indicate that ZrSiS is a rare example of topological SM with intriguing quantum criticality. Similar mass enhancement might also occur in other 
NLSMs so long as the short-range interaction is capable of driving the system sufficiently close to a EI QCP.
The above theoretical analysis is carried out at SM-EI QCP with r = 0 and at zero chemical potential µ = 0. In real samples, r and µ are usually not exactly zero.
Here we comment on the impact of finite r and finite µ. Finite r weakens the excitonic fluctuation, and thus leads to weaker enhancement of quasiparticle mass. But the enhancement persists for small r. For small µ, theoretical results obtained at µ = 0 are modified only at energy scales below µ. The excitoninc fluctuation can still induce striking quantum critical behaviors, including strong mass enhancement, in the QCR. On the experimental side, previous ARPES measurements on ZrSiS indicated that the Dirac line nodes connect the Dirac points near the Fermi level [39, 40] , implying that µ should be quite small. Therefore, we believe that our conclusion is qualitatively reliable for ZrSiS [37] .
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Supplementary Materials for "Quantum Criticality of Excitonic Insulating
Transition in Nodal Line Semimetal ZrSiS "
In Section I, we consider the Yukawa-coupling between nodal line fermions and excitonic fluctuation, and present the detailed derivation of the RG equations of various model parameters. In Section II, we consider the long-range Coulomb interaction and derive the RG equations of the corresponding model parameters.
I. INFLUENCE OF QUANTUM FLUCTUATION OF EXCITONIC INSULATING ORDER PARAMETER

A. Propagators
The propagator of free nodal line fermions in the imaginary frequency formalism is given by
where A = 1/(2m). In the low-energy regime, the fermion propagator can be written as
where v F = k F /m and k r = k ⊥ − k F , and θ is the angle between k ⊥ and q ⊥ . The bare propagator of boson, which describes the quantum fluctuation of excitonic order parameter, takes the form
B. Self-energy of the boson
The self-energy of boson is defined as
Substituting Eq. (21) into Eq. (24), we get Π(Ω, q) = 2N g 2 dω 2π
where
The prime in ′ means that a proper momentum shell will be chosen in the calculations. Expanding Π(Ω, q) to the quadratic order of Ω, q r , and q z , and then performing the integration of ω, we find
A redefinition Π(Ω, q) − Π(0, 0) → Π(Ω, q) has been employed to discard a constant term, such that Π(0, 0) = 0 is fulfilled. Adopting the relation
and choosing the following momentum shell
where b = e −ℓ with ℓ being RG running parameter, we obtain
C. Self-energy of the nodal line fermion
The self-energy of nodal line fermions induced by excitonic fluctuation is
Here, the momentum vector k = (k x , 0, k z ). Substituting Eq. (22) into Eq. (31) gives rise to
We then expand this function to the leading orders of Ω and k i , and insert the expression of D 0 (Ω, q), which yields
Perform integration as follows
we obtain
where the constants C 1,2,3 are
with
D. Vertex correction to fermion-boson (Yukawa) coupling
The correction to the fermion-boson coupling is
Substituting Eqs. (22) and (23) into Eq. (40), we obtain
E. Correction to φ 4 coupling
The correction to the φ 4 vertex induced by φ 4 coupling is
Making use of Eq. (23) into Eq. (43), we now re-write δu a as
which after carrying out integration becomes
The correction to φ 4 vertex due to the fermion-boson coupling can be computed as follows
Now the total correction to φ 4 vertex has the form
F. Derivation of the RG equations
The free action of fermion field ψ is
In the low-energy regime, this free action can be re-written as
Adding the fermion self-energy to the above free action leads to
Make the following scaling transformations:
and then express the total action in the form
which recovers the original form of the fermion action. The free action of boson field φ is given by
Including the boson self-energy modifies it into
To proceed, we make the following scaling transformations
The modified (by interaction) boson action now has the form
which has same form as the original action of boson.
The action of the fermion-boson coupling is originally defined as
which can be further written as
This action is changed by the vertex correction to become
Performing the scaling transformations given by Eqs. (51)-(54), and Eqs. (60)-(64), we finally expression the above action as
where the following transformation is made for coupling parameter g:
The action of φ 4 coupling is originally defined as
The same calculational steps can be repeated to obtain
Redefining the coupling parameter
we get
From the transformations of Eqs. (55), (56), (65), (66), (72), (75), we eventually derive the self-consistently coupled RG equations
In the derivation, we have made the redefinition
The parameters C 0,1,2,3 , C φ , C ⊥ , and C z appearing in the RG equations are given by
(94)
The RG flows of fermion velocities v F and v z for different initial conditions are shown in Fig. 5 . To make our analysis more generic, we let the ratios δ 20 and δ 30 to vary within a wide range. We see that, for small values of δ 20 and δ 30 (for simplicity δ 20 and δ 30 are assumed to be equal), v F and v z are both obviously suppressed. Accordingly, the effective fermion mass is enhanced. However, for sufficiently large values of δ 20 and δ 30 , corresponding to the case in which nodal line fermions move more slowly than the boson (excitonic fluctuation), v F and v z are slightly increased. Therefore, in order to obtain the observed fermion mass enhancement in ZrSiS, the bare (unrenormalized) velocity of the boson mode (excitonic fluctuation) ought to be smaller than the bare velocity of nodal line fermions.
If the system is in the SM side of the QCP, the parameter r would take a finite value. For finite r, the propagator of boson describing the excitonic fluctuation has the form
It is clear that, the excitonic quantum fluctuation is suppressed by finite r, since D 0 (Ω, q) becomes smaller. As r continuously increases from zero, the system is tuned to depart from the QCP into the SM phase. In this process, the mass enhancement is gradually weakened with growing r, and finally disappears at sufficiently large r. As long as the system is not far from the QCP, the quasiparticle mass is always enhanced comparing to the bare mass.
II. INFLUENCE OF LONG-RANGE COULOMB INTERACTION
Here we provide the calculational details of the RG equations caused by long-range Coulomb interaction. The results show that Coulomb interaction tends to reduce the quasiparticle mass, inconsistent with the observed mass enhancement in ZrSiS.
A. Model
The influence of Coulomb interaction on the nodal line fermions can be described by the coupling between the fermion field ψ and a boson field φ e through S ψφe = ie dω 2π
The action for the fermion field ψ still can be written as Eq. (49). The action for the boson field φ e takes the form
The propagator of boson φ e is given by
(100)
B. The self-energy of boson
Substituting Eq. (22) into Eq. (101) and expanding to the quadratic order of q r and q z , we obtain that the self-energy of boson in the zero energy limit takes the form
Carrying out the integration of momenta by adopting the RG scheme shown in Eq. (28), we arrive at
C. The self-energy of fermions
The self-energy of fermions induced by Coulomb interaction reads as
Substituting Eqs. (22) and (100) into Eq. (106) and performing the integration of Ω gives rise to
Utilizing the RG scheme
we can get
where C e1 = α e 8π 2 F 1 (aδ 1 ), C e2 = α e 8π 2 F 2 (aδ 1 ),
D. Vertex Correction
The correction for the fermion-boson coupling is defined as Γ e = e 2 ′ dΩ The free action of ψ is
In the low-energy regime, the free action of ψ can be also written as
Considering the correction of self-energy of the fermions, the action becomes 
the action becomes
which recovers the form of the original action. Form Eqs. (124), (125), (134), (139), we get the RG equations
These RG equations are very close to the ones presented in Refs. [43] and [44] . The minor differences result from the fact that a different RG scheme is adopted in our derivation from Refs. [43] and [44] .
